Here, we report a real-time THz near-field microscope with a high dynamic range that can capture images of a 370 x 740 µm 2 area at 35 frames per second. We achieve high spatial resolution on a large area by combining two novel techniques: THz pulse generation by tilted-pulse-front excitation 7 and electrooptic (EO) balanced imaging detection using a thin crystal. To demonstrate the microscope capability, we reveal the field enhancement at the gap position of a dipole antenna after the irradiation of a THz pulse.
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However, even if spatial resolution below 10 µm is successfully achieved at THz frequency, all of the traditional schemes remain based on raster scanning techniques 9, [11] [12] [13] [14] [15] [16] [17] . In such cases, the imaging acquisition time associated with optical scanning techniques is relatively long and quadratically increases as a function of area size (i.e., a few hours for a 600 x 600 µm scan with 20-µm spatial resolution 12 ). Ideally, to map in real-time the morphological changes of such subwavelength structures as cells or microorganisms, a new approach with a faster acquisition time has to be developed.
In this work, we demonstrate how to capture large THz near-field images with high dynamic range and a highspeed acquisition rate through the recent progress in the generation of intense THz waves 7 . In particular, images of a 370 x 740 µm 2 area are captured at a 35-Hz repetition rate with a spatial resolution of 14 µm (corresponding to λ/30 based on a center frequency of 0.7 THz). In the supplementary information no.1, we provide a movie of the reemitted THz electric field evolution of a metallic dipole antenna after irradiation by an intense and uniform THz pulse. The spectroscopic information, available for each pixel of the camera, successfully quantifies the THz electric field enhancement inside the 3-µm gap position of the dipole antenna and agrees well with simulations.
The THz microscope, which is divided into three parts (THz source, sample observation, and analyzer part), is coupled to a Ti: Sapphire laser beam line that delivers 4 mJ pulses with a 85-fs pulse duration at a 1-kHz repetition rate. In method section, experimental setup shown in Fig. 1 is described.
Figure 1
One key point for preserving the high spatial resolution of the optical elements when dealing with THz images is the merit of using a very thin EO crystal to collect the THz field from a sample before diffraction. This operation can be understood if we remember that the overlapping between the probe light and the THz waves in the EO crystal forms a THz image. On the point of view of the probing light, the EO crystal thickness must be selected to compare with the depth of the field range of the objective lens: ∼20 µm in our case. For current THz emitter and detector technologies based on ultra-fast mode-locked lasers, however, which are commonly used for raster scanning THz microscopes, it is impossible to generate the high intensity THz images required to compensate for the lost encounter with thin EO sensors and preserve a high dynamic range over a large area. The decreased sensitivity caused by the choice of a very thin EO sensor 18 must be compensated by an intense THz wave source.
On the other hand, one advantage of using a thin EO sensor is the possibility of working with LN material that is transparent for visible light and exhibits a larger EO coefficient when compared to the traditionally used ZnTe material 19 .
Figure 2(a) shows the visible and THz images of a metallic mask directly deposited on top of the EO sensor with their corresponding extracted profiles in Fig. 2(b) . We evaluated the spatial resolution of the microscope by taking the time-resolved spatial distribution of the electric field of an edge varying from 10% to 90% in amplitude 20 . We found a spatial resolution of 14 µm with a 20-µm-thick LN x-cut crystal. The extracted visible profile of Fig. 2 (b) confirms that the optical elements do not restrict the THz spatial resolution. Detailed analysis of the spatial resolution will be reported in a different paper.
Figure 2
At the development state of our microscope and before imaging the biological samples, we must improve our knowledge of the imaging of subwavelength metallic structures. As previously reported, numerous studies from visible to THz frequencies ranges have investigated various subwavelength structures 12, [21] [22] [23] [24] [25] [26] [27] , such as single hole and array, to understand more about strongly localized fields. In particular, resonator structures, which are good candidates to quantify electric field distribution, are expected to facilitate the enhancement of the field at the point of interaction with the sample 22, 28, 29 , thus improving the sensitivity. To demonstrate our microscope's performance, we measured the THz electric field in the near-field region of a metallic dipole antenna after the irradiation of a uniform THz pulse. In Fig. 3 Since the LN material exhibits a large birefringence (k y ≠ k z ), the reemitted THz waves from the dipole antenna will experience a shift (φ = ∼10º) following the k THz direction that can be described by the phonon-polariton 29 properties of the traveling THz waves inside the LN crystal ( Fig. 3(c) ). To visualize the temporal evolution of the THz electric field inside and around the dipole antenna after the irradiation of an intense THz pulse, we presented 175 movie frames of the field as supplementary information. This movie was captured in about nine minutes of acquisition and covers 9.2 ps of temporal evolution with 53 fs in step resolution. All images were obtained from 100 averaged images taken at a 35-Hz repetition rate. antenna. This situation can be described by the following expressions:
, where x is the distance from the dipole antenna and v(ω) is the speed of the THz waves inside the LN material as a function of THz frequency ω. For a one-dimensional case, function E(x,t) represents the total electric field including the THz pump excitation E THz and the reemitted field from the antenna E Ant . In the presence of two pulses whose phase difference changes with location x inside the LN crystal, a rectified periodic signal is observed. In fact, the highest amplitude of the beating frequency appears around the enhancement frequency of the antenna, where both amplitudes (E THz and E Ant ) are almost equivalent in our case.
To confirm that our microscope can quantitatively measure subwavelength electric fields, we compared the simulated enhancement factor with the experimental measurements. We extracted the time-dependent field distribution for each pixel below the gap, which corresponds to an area of 3 pixels x 7 pixels, and performed the Fourier transformation of this corresponding area. In particular, since the SNR of any given pixel (where one pixel corresponds to an area of 1.4 x 1.4 µm 2 ) is 100, we could perform the spectroscopy at the gap position of the dipole antenna with an SNR greater than 400. Note again this microscope's ability to perform local field measurements at any pixel position from the CCD camera.
Figure 4
In Fig. 4(a) , we show the Fourier spectrums of the THz pulses with and without an antenna for the measured and simulated THz pulses. The simulated enhancement spectrum obtained in Fig. 4(a) is an average value of the enhancement spectrums shown in Fig. 5 (c) (as described in the method section). Fig. 4(b) compares the experimental and simulation data obtained from the ratios of the enhancement field with the reference spectrums.
There is a small difference between the simulation and experimental results. It may come from an error between the fabricated antenna and the one used in the simulations. In addition, the simulations were made on an isotropic and thick medium, neglecting the LN crystal birefringence that can lead to an underestimation of the real effective refractive index of the LN crystal. Nevertheless, this demonstration agrees well with the simulations and shows that we can quantitatively measure the THz electric field in a near-field of a sample and in real-time.
Figure 5
In conclusion, we introduced a new type of THz near-field microscope that combines a high intensity THz pulse source with a thin EO crystal sensor. This system can retrieve large images in real-time with high spatial resolution and a high dynamic range. In particular, we achieved a spatial resolution of 14 µm (λ/30 at 0.7 THz) with a 370 x 740 µm 2 image size taken at a 35-Hz repetition rate. Our results also demonstrate the ability to quantitatively map the electric field enhancement at the gap position of a dipole antenna along with good agreement with FDTD simulations.
Further improvements in spatial resolution are expected using a thinner EO crystal. Moreover, by selecting a larger imaging sensor the imaging area can be increased without compromising the spatial resolution. Finally, we stress the real-time capability of our microscope, which in a few minutes can take the equivalent of 22.9 million single data point acquisitions to form the full length THz near-field movie shown as supplementary information. We believe this microscope has immense potential for applications that require real-time tracking changes of in vivo microstructures such as cells or microorganisms.
Method Experimental setup
The generation part is based on a novel technique of optical rectification in LiNbO 3 by tilted-pulse-front 6 excitation 7 . By assuming a Gaussian profile, we evaluated the THz beam spot size diameter and the peak electric field at the focus to be 0.5 mm and 200 kV/cm. For detection of the pulse THz waveform, we performed freespace EO sampling 18 in an x-cut LiNbO 3 (LN) crystal with a thickness of 20 µm, mounted on a 0.5-mm-thick glass, which could be reconstructed by using an optical delay stage. To observe the near-field region, the sample is placed directly on top of the EO crystal 19 . Notice that the top and bottom surfaces of the EO crystal have highreflection and anti-reflection coating for the probe light at 800 nm. As shown in Fig. 1 , the probe light at 800 nm forms an image of the iris on the top surface of the EO crystal after passing through a 200-mm focal length achromatic lens in combination with an 18-mm focal length objective lens. The reflected images are returned to the objective lens and retrieved by a CCD camera with a non-polarized beamsplitter cube. To transfer the image to the camera, a second 200-mm focal length achromatic lens is used; note that the camera is placed 200 mm from this lens to fulfill the imaging condition. The measurement of the THz-induced birefringence in the EO crystal is detected by a combination of a quarter-wave plate, a half-wave plate, and two polarizing beamsplitter cubes, as depicted in the analyzer part of Fig. 1 . In addition, a balanced imaging scheme was used to improve the signal to noise ratio (SNR) and the imaging acquisition speed. This operation was done by spatially separating and simultaneously capturing the vertically and horizontally polarized probe images by one camera (Hamamatsu C9100-12 with 512 x 512 pixels). All corresponding pixels (from both the S and P polarized images) are subtracted in real-time, giving 35 background-free images per second, with a size of 256 x 512 pixels and depth of 14 bits.
Simulation parameters
To quantitatively validate the electric field of the microscope and to get further insight into the physics involved, simulations were carried out using finite difference time domain (FDTD) software. The simulations were performed on a 101 x 215 µm area with a spatial resolution of 1 x 1 µm. The dipole antenna formed by two adjacent (73.5 × 10.0 × 0.2 µm) gold bars with a 3-µm air gap was oriented following the Y-axis of an x-cut 1-mm-thick LN crystal whose. The index of the LN crystal was set to 5.11 30 , ignorneglecting the birefringence of the LN material. . The dielectric parameters of the gold metal 26 were used to perform the Drude model:.
where = 1, the plasma frequency is = 1.37 x 10 4 THz, and = 40.7 for gold. The exciteding THz pulse has a center frequency at 1 THz and a full width half maximum (FWHM) of 1.0 ps.
In Fig. 5(a) , we show the electric field mapping of the dipole antenna obtained 1 µm below the LN crystal surface. In the simulation, we can clearly see the electric field distribution inside the 3-µm-width gap with the 1 x 1 µm mesh resolution.
Evaluation of simulated enhancement factor
As mentioned previously, the microscope's imaging resolution is λ/30 and is strongly affected by the EO crystal thickness. To understand more about how the imaging of the field is affected as a function of the z direction, we simulated the fields for three different depths: 1, 10, and 20 µm. In addition, to adequately simulate the microscope behavior, we applied a Gaussian low pass filter with a 7-µm radius to lower the resolution of the simulated fields to ∼14 µm spatial resolution. Fig. 5(b) shows the electric field mapping for the three layers below the LN crystal surface.
To estimate enhancement factor α(ω), we used the ratio in amplitude with and without the antenna at the position of the antenna gap. Therefore, the dotted lines shown in Fig. 5(d) are the average values of the enhancement field factor integrated completely through the crystal depth. We estimate the enhancement factor to be ∼2.6 at a frequency of 0.5 THz (represented by the blue dotted line), which is in good agreement with the experimental enhancement factor found in Fig. 4(b) . 
